Abstract A theoretical model has been developed to investigate the microfluidic transport of the signaling chemicals in the cell coculture chips. Using an epidermal growth factor (EGF)-like growth factor as the sample chemical, the effects of velocities and channel geometry were studied for the continuous-flow microchannel bioreactors. It is found that different perfusion velocities must be applied in the parallel channels to facilitate the communication, i.e., transport of the signaling component, between the coculture channels. Such communication occurs in a unidirectional way because the signaling chemicals can only flow from the high velocity area to the low velocity area. Moreover, the effect of the transport of the signaling component between the coculture channels on the growth of the monolayer cells and the multicellular tumor spheroid (MTS) in the continuous-flow coculture environment were simulated using 3D models. The numerical results demonstrated that the concentration gradients will induce the heterogeneous growth of the cells and the MTSs, which should be taken into account in designing the continuous-flow perfusion bioreactor for the cell coculture research.
Introduction
Cell culture is a key step in cell biology, biotechnology, tissue engineering, and clinic application. Although the traditional in vitro culture techniques are widely used in laboratory experiments, it is questionable that cell growth in vitro is identical to that in vivo as the conventional in vitro cell culture methods grow cells in a homogeneous static and macroscale environment such as polystyrene dishes or wells. Recent development of microfabrication and microfluidic technology has brought the exciting potential applications for cell culture and cellular-scale (around several micron) study (Anderson and van den Berg 2004; El-Ali et al. 2006 ). Contrast to the conventional culture methods, microfluidic cell culture systems can create small and complex architecture to mimic the in vivo environment for cell growth (Walker et al. 2004 ). The nutrients can be more efficiently delivered to the cells through a continuous-flow perfusion in the microfluidic bioreactors. Several microscale culture systems, mainly using silicon (Martinoia et al. 1999; Powers et al. 2002; Pantoja et al. 2004 ) and silicone elastomer (PDMS) (Folch and Toner 1998; Walker et al. 2002; Leclerc et al. 2003; Tourovskaia et al. 2005) , have been designed for culture of different cells. These microfluidic chips offer the advantages of better control of culture conditions, improved throughput, and more capability to address phenotypic responses at the cellular length scale.
A living organ normally consists of multiple cell types to perform physiological roles. Communication between cells in a multicellular environment can be classified into three signaling types: autocrine (self-stimulating) (Sporn and Todaro 1980; Lauffenburger et al. 1995) , paracrine (stimulating nearby cells) (Finch et al. 1989; Klein et al. 1989) , and endocrine (stimulating cells in remote tissues) (Powers et al. 2000; Ray 2007 ). There have been many efforts towards identifying these complex interactions between cells. Most conventional studies try to examine the multicelluar effects by transferring the conditioned culture media from one group of cells to another (Ellington et al. 1990; Thio et al. 1993) . Other researchers use polymer porous membrane to separate different cell types in the shared media environment (Fillinger et al. 1993; Attawia et al. 1999) . Using various microfabrication and microfluidic technique, different cells can be deposited on different locations within the coculture microdevices. Examples of microfluidic cell coculture platform include microarray for micro-patterned hepatocyte cells with fibroblast cells (Kane et al. 2006) , multilayer coculture for biomimmetic blood vessels (Tan and Desai 2004) , and patterned substrate for selective attachment and growth of several cell types . Wei et al. (2006) designed a microfluidic system to evaluate the interaction between cocultured cell types, by distributing cytokines expressed in up-stream wells and then generating a concentration gradient in downstream wells. More Recently, Irimia et al. (2007) developed a microfluidic device with co-running and connection microchannels to study the chemotaxis of the HL-60 cells. They used a contact zone to compensate the unbalanced flow rates within the co-running microchannels.
Experiments are the major method in understanding biological mechanisms. Experiments, however, are timeconsuming, expensive, and sometimes difficult to control. Numerical modeling can help researchers to determine rapidly the operating conditions and thus reduce the number of experiments required. Several models have been already developed to study the cell culture (Roy et al. 2001; Williams et al. 2002; Mehta and Linderman 2006; .
This study presented a theoretical model and the numerical study of a conceptual microfluidic chip for cell coculture. The basic configuration has two or more separate main microfluidic channels connected by narrow microchannels, as illustrated in Fig. 1 . A similar microfluidic configuration has been used to study the growth of the central nervous system axons . In their experiments, microgrooves between the main culture compartments were implemented to isolate axons and direct the axongrowth. In our design, the narrow connection microchannel is small enough so that it physically isolates different cell types in the main channels while still allows the cell communication via convection and diffusion of the culture medium. Different from conventional cell culture methods and other static diffusion-only microfluidic culture systems, we used continuous-flow perfusion because it is more efficient in delivering nutrients. Unlike the work of Irimia et al. (2007) , we investigated how the signaling component transports between the main channels and its effects on the cell growth under different coculture conditions. The proposed microfluidic system is capable of controlling the delivery direction of the signaling component, by adjusting the flow rates in the co-running microchannels, compared to the previous work (Wei et al. 2006) . The transportation of an epidermal growth factor (EGF)-like type of growth factor, as the model of endocrine signaling process, was investigated for various flow rates and microchannel sizes. Finally, the effects of the growth factor concentration gradients on the monolayer cells and the multicellular tumor spheroid (MTS) were studied.
2 Theoretical and numerical models Figure 1 shows schematically the basic geometry of the microfluidic coculture bioreactor. It consists of two main culture microchannels, with a narrow connection channel in-between. L and W are the length and width of the main culture channel while l and w represent the length and width of the narrow connection channel. The origin of the coordinates is located at the left bottom corner of the left Fig. 1 Schematic of the microchannel coculture device (not drawn to scale). The right and left main chambers have the same width W and length L. The connection channel has length l and with w. Two perfusion velocities, V 1 and V 2 , are applied at the inlets of two chambers, respectively. The origin of coordinates is located at the left bottom corner of the left chamber culture channel. V 1 and V 2 are the perfusion velocity at the inlet of the right and the left channels, respectively. Such configuration can be extended to have more than two channels and multiple connection channels. During the culture, the culture media is delivered into the two main channels at different flow rates. Since we will first examine the general picture for the transport of the growth factor without considering its consumption, a 2D approximation is reasonable because the variation in concentration across the channel depth can be neglected. Later when we simulate the monolayer cell growth and MTS growth, the 2D computational domain will be extended toward depth direction to form 3D geometry.
The mass transport of the growth factor in the microchannel bioreactor is governed by
where C is the concentration of the growth factor, ṽ is the velocity vector, D is the diffusion coefficient, and R is the volumetric uptake rate for the growth factor. It should be noted that the term R is taken into account only in the simulation of monolayer cell growth and MTS growth. This uptake rate follows the Michaelis-Menten (MM) kinetics (Michaelis and Menten 1913 )
where V max and K m are the MM parameters.
Since the concentration does not affect the flow field, the flow field ṽ in the microchannel bioreactor can be described by the steady-state Navier-Stokes equation and the continuity equation:
where q is the density of fluid, P is the pressure, and l is the viscosity of fluid. For the monolayer culture, the cell proliferation in the microchannel is modeled by the continuous cell growth equation
where / represents the cell density and l g represents the specific growth rate of cell. Here the cell growth rate l g is assumed to depend only on the concentration of growth factor provided that all other nutrients (i.e., glucose and oxygen) are sufficient for cell growth. A logistic model (Pathi et al. 2005 ) is used to describe cell growth
where l max is the maximal growth rate under optimized conditions, / max is the maximal cell density supported by the bioreactor, and l GF is the contribution of the growth factor. Based on the experimental data (Reddy et al. 1994 ), we assume a logarithmically linear relationship between the scaled growth rate and the growth factor concentration
where l 0 is the control growth rate with a corresponding concentration C 0 , and A is the fitting coefficient determined from the experimental data. It should be noted that there exist minimal effective growth factor concentration and saturation concentration beyond which the growth rate is almost independent on the growth factor. For the MTS growth, the volume change of the spherically symmetric MTS is given by
There are few mathematical models directly relating the MTS growth rate to the growth factor. Therefore, we use the same formula, Eq. 6, to describe the MTS growth since the MTS volume is proportional to the total cell number without considering the internal tumor cell death. This assumption is valid for the early growth stage of the MTS.
For the simulation of cell or MTS growth, the mass transport Eq. 1 is coupled to the growth Eqs. 4 or 7 via the mass transfer flux at the monolayer-media interface for the monolayer culture or the flux at the tumor spheroid surface.
Àñ Á ðDrCÞ ¼ F ð8Þ
where flux term F is obtained by multiplying the volumetric uptake rate, Eq. 2, by the cell density / for the monolayer culture, or by multiplying Eq. 2 by the tumor spheroid volume (total cell number inside the spheroid) and then dividing by the surface area of the tumor spheroid for the MTS culture.
To provide more general guidance for the coculture bioreactor design, we use nondimensional parameters in the present study. One of the important nondimensional parameters is Peclet number that is a measure of the relative importance of convection to diffusion in the mass transfer (of the growth factor in this study),
where " U is the average velocity at the inlet of culture channel, W is the main channel width, and D is the diffusion coefficient . For a given molecule and the liquid medium, the higher the Pe number, the higher the flow (convection) velocity. The main channel width W is also used to normalize other geometry parameters L, l, w as shown in Fig. 1 and the MTS diameter. In addition, the time t is normalized by the cell doubling time T d and the concentration is normalized by the inlet concentration C 0 .
All the equations are solved numerically using a finite element package Multiphysics V3.1 (Comsol AB Inc.). Since the concentration field does not affect the flow field, Navier-Stokes Eq. 3 only needs to be solved once for the given flow rate. For the simulation of the monolayer cell growth and the MTS growth, the mass transport Eq. 1 can be decoupled from the growth Eqs. 4 or 7 because the time to reach a steady state of concentration distribution is much shorter than the cell growth time scale, which significantly simplifies the numerical computations.
3 Results and discussion
Transport of growth factor
We first study the transport and the distribution of the growth factor in the coculture microchannel chip, without considering the growth of the monolayer cells or multicellular tumor spheroid (MTS) spheroid. Since the convection and the diffusion mainly occur in the channel width direction, a 2D model is sufficient for describing such cases as shown in Fig. 1 .
To better mimic in vivo environment, continuous-flow perfusion bioreactors, especially microfluidic based devices, have been widely used in the cell-based biological research. In a static coculture environment of the conventional cell culture system, the communication between different cell types is realized solely by the diffusion of the signaling chemicals. However, the cell communications may have distinct characteristics in the continuous-flow bioreactor, mainly due to the effects of the perfusion velocity. Figure 2 shows the normalized concentration field of the growth factor within the microchannel coculture system where the same perfusion velocity is applied at the inlet of the right and the left culture channels. We assume that the growth factor is generated only by one type of cells in the right channel (i.e., the non-dimensional concentration is set to 1 at the inlet of the right channel). The concentration field of the growth factor for two Pe numbers (Pe = 3,000 and Pe = 30, corresponding to the real velocities 1 mm/s and 10 lm/s provided that the main channel width is W = 300 lm and the diffusion coefficient of the growth factor is D = 1 9 10 -10 m 2 /s) was studied for different lengths of the connection channels (l = W, w = 0.1W in Fig. 2a and l = 0.4W, w = 0.1W in Fig. 2b ). It is found that almost no growth factor can reach the left channel although there is some diffusion through the connection channel. Because the same perfusion velocity is applied at the inlet of the right and the left culture channels, hence no pressure difference exists across the connection channel, and the motion of the growth factor from the right to the left relies only on the diffusion. Due to the convection effect, the growth factor is washed away toward the Figs. 3b, 4a , 6a, and 7, indicates the normalized growth factor concentration that is scaled by the inlet concentration outlet of the left channel before it can be diffused into the major part of the left channel. The poor communication is not improved even if very low perfusion velocity and short connection channel are used (Fig. 2b) . Therefore, in a coculture system with the parallel microchannels using the same perfusion velocity, different cell types in separate channels cannot communicate with each other effectively because the convection effects suppress the diffusion effects.
As discussed above, in order to facilitate the communication between different cells in the parallel microchannels, two different perfusion velocities must be applied at inlets of the left and the right channels. Due to the velocity difference, as shown in Fig. 3a , a transverse flow will be generated within the connection channel from the right main channel (Pe = 3,000) to the left one (Pe = 30) and thus greatly enhance the transport of the growth factor between two channels. Figure 3b displays the concentration field of the growth factor. It can be clearly seen that the growth factor flows into the left channel from the right channel via the connection channel. Unlike mutual signaling effects in the static coculture system where the signaling chemicals from all cell types will finally diffuse everywhere, the communications between different cells in the present continuous-flow perfusion bioreactor occur in a unidirectional way. The signaling chemicals can only be delivered from the cells in the high velocity area to the cells in the low velocity area. This mechanism can be utilized to actively control the signaling processes between cells. For example, by adjusting the velocity difference between the right and the left channels, the amount of signaling chemicals transported from one side to the other can be adjusted; by increasing the perfusion velocity in the left channel and decreasing the perfusion velocity in the right channel, the transport of the signaling chemicals and thus the cellular communications can be reversed.
In the coculture chip with a fixed main channel width, the transport of the signaling chemicals depends on the width and length of the connection channel because the hydraulic resistance of the channel is directly related to the channel length. Under the same perfusion velocities applied in the right and the left channels, smaller hydraulic resistance allows higher transverse convection in the connection channel and thus more transport of the chemicals. Figure 4a shows the comparison of the concentration fields of the growth factor for varied connection channels. As expected, the shorter and the wider the connection channel is, the better the growth factor is delivered from one channel to the other channel. Figure 4b plots the concentration distributions along the left channel width at the downstream position y = 2.5W measured from the channel outlet. The shortest and widest connection channel (l = 0.2W, w = 0.2W) has the most uniform distribution of the growth factor across the channel width. Moreover, it is found that increasing the width of the connection channel is more effective than decreasing the length to better deliver the growth factor. Figure 5 shows the concentration distributions along the channel width at three different downstream positions y = 0, y = 2W, and y = 4W for this geometry. With the increasing distance toward the downstream, the concentration becomes more uniform because of the diffusion effect. Therefore, cells at different position are exposed to concentration gradients of the signaling chemicals and may display heterogeneous pattern during growth. We will demonstrate these phenomena later.
To obtain more uniform concentration of the growth factor in the left channel, it is necessary to use wide connection channel between culture channels. However, the cells may also migrate or be washed from one channel to another channel if the connection channel is too big. Instead of a single wide connection channel, an alternative way is to use multiple narrow connection channels that can deliver more uniform signaling chemicals while still separate different cell types. Figure 6a shows the concentration field in a coculture system with multiple connection channels. Three connection channels, located at y = 5W, 5.3W, and 5.6W, have same geometry of l = 0.2W and w = 0.1W. Compared to the previous concentration field resulting from the single channel (Fig. 4a) , using multiple connection channels significantly improves the delivery of the growth factor. Figure 6b compares the concentration distributions along the channel width for single and multiple connections and clearly shows that the distributions in the multiple channels are more uniform.
It is desirable to have the capability to study the signaling process among several different cell types using one coculture chip at the same time. The two-channel chip described above can be extended to realize such a function by simply adding more parallel culture channels. The findings mentioned above are still valid in the cases of multiple channels. By adjusting the perfusion velocities at the different channels, we can actively control the direction and the extent of signaling process. Figure 7 represents a potential configuration of the continuous-flow coculture chip for multiple cell types. In Fig. 7a , a high perfusion velocity (Pe = 3,000) is applied at the middle channel while same low velocity (Pe = 30) is applied at the right and left channel. Therefore, the signaling chemicals generated by the cells in the middle channel will be evenly delivered into different cell types in the side channels. On the other hand, it is also possible to study how the presence of multiple cell types affects one cell type by applying high perfusion velocities at the right and the left channels and low velocity at the middle channel. Figure 7b shows the concentration field using such velocity combination (Pe = 3,000 at the right and the left channels and Pe = 30 at the middle channel, respectively). The growth factors from both side channels flow into the middle channel and thus regulate the growth of the cells in the middle channel.
Monolayer cell growth
As described in the preceding section, the growth factor delivered from one channel into another channel in the continuous-flow bioreactor will form concentration gradients and thus result in a heterogeneous growth of cells. We simulated the transient process of cell growth in the case of l=0. 4W, w=0.1W l=0.4W, w=0.2W l=0.2W, w=0.1W l=0.2W, w=0.2W the monolayer culture. Other nutrients (for example, oxygen and glucose) and signaling chemicals are assumed be sufficient so that the cell growth rate only depends on the concentration of the growth factor. The multiple connection 2D channel used in the Fig. 6a is extruded with a height of W in Z-direction to form a 3D microchannel coculture system. Initially, monolayer cells are seeded at the channel bottom of the downstream part of the culture channel with a cell density / 0 . A high perfusion velocity Pe = 3,000 is applied at the right channel while a low velocity Pe = 30 is applied at the left channel. Figure 8a displays the variation of the cell density at the bottom after 10T d . Here the cell density is normalized by the initial cell density / 0 . Figure 8b depicts the cell density along the channel width at the middle point of the downstream channel. To show the relative variation, the cell density is normalized by the local maximal density / max . It is found that even using the multiple connection channels to facilitate the transport of the growth factor, the cell density still could have 30% difference in the width direction.
MTS growth
Although cancers are extremely diverse, a multicellular tumor spheroid (MTS) can be used as to capture the most relevant features of tumor growth kinetics, in both experimental investigation and theoretical study. Because the tumor consumes more nutrients than normal cells (Gatenby 1996) , it is expected that the concentration gradients in the continuous-flow coculture environment will affect the MTS growth. We used the same chip and in Sect 3.2. The tumor spheroid is fixed at the bottom of the left channel, as shown by the small 3D schematics in Fig. 9a . As shown in Fig. 5 , the concentration across the width direction varies with the different downstream locations. The MTS exposed to more growth factor will grow faster. We calculated the growth of two MTSs that are fixed at different downstream positions (y = 3.5W and y = 1.5W). Figure 9a clearly shows that the concentration at the outer surface of the MTS becomes more uniform with the increase of the distance toward downstream. At y = 3.5W, the minimal surface concentration of the growth factor is only about 0.4 while it increases to about 0.75 at y = 1.5W. The growth rate of the MTS can be estimated by Eq. 6 using the averaged concentration over the outer surface. Figure 9b shows the comparison of the change of the MTS diameters at these two positions. Due to the low growth factor concentration, the growth of the MTS at y = 3.5W lags behind that at y = 1.5W. Such growth difference caused by the concentration gradients should be taken into account in designing the continuous-flow perfusion bioreactor for the MTS coculture.
Conclusions
We have developed a theoretical model to investigate the transport of the signaling chemicals in the microchannel coculture chips. Using an EGF-like growth factor as the sample chemical, the effects of velocities and channel Fig. 9 The growth of MTSs in the coculture device. a Normalized concentration fields of the growth factor at the central plane of the left chamber and outer surface of the MTS; b comparison of the change in diameter of MTSs grown at different downstream positions geometry were studied for the continuous-flow bioreactors. It is found that different perfusion velocities must be applied in the parallel channels to facilitate the signaling communication between cells. Such communications occur in a unidirectional way since the signaling chemicals can only flow from the high velocity area to the low velocity area. It is, however, possible to actively reverse and control the communication direction by adjusting the perfusion velocities during coculture. The growth of the monolayer cells and the MTS in the continuous-flow coculture environment were also simulated using 3D models. The numerical results confirmed that the concentration gradients will induce the heterogeneous growth of the cells and the MTSs, which should be taken into account in designing the continuousflow perfusion bioreactor for the cell coculture research.
